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Numerous studies have reported a recent breakthrough in iPSC technology 

by providing an opportunity to produce disease-specific iPSCs and accessing 

disease-specific iPSC-derived target cells that are used to investigate new 

mechanisms and new drugs. In this study, iPSCs were generated from fibroblasts of 

patients with incurable diseases, such as Alzheimer's disease (AD), childhood 

cerebral adrenoleukodystrophy (CCALD), juvenile-onset, type I diabetes mellitus 

(JDM) and characterized by unique features associated with pluripotency, 

encompassing morphological, molecular, and functional attributes. In particular, 

CCALD-iPSCs were induced to differentiate into oligodendrocytes, which are the 

cell type affected in the CCALD brain. As a manifestation of CCALD, a high 

accumulation of very long chain fatty acid (VLCFA) was observed in the CCALD-

iPSC-derived oligodendrocytes. Moreover, VLCFAs were reduced when treated 

with lovastatin by upregulation of the ABCD2 gene followed by treatment with 

lovastatin in those cells. Oligodendrocytes derived from CCALD-iPSCs reflected 

the disease phenotype and responded to a known compound. These 

oligodendrocytes could make a remarkable contribution in developing safe and 

effective medicine and understanding the etiopathophysiology of CCALD. Likewise, 

AD-iPSCs and  JDM-iPSCs may also offer key opportunities in developing new 

disease models. 

Key words: Induced pluripotent stem cell, disease-specific iPSCs, cellular model, 

childhood cerebral adrenoleukodystrophy 
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I. INTRODUCTION 

 

 The pathophysiology of human diseases has been routinely studied with 

the development of animal models. However, due to phylogenetic differences 

between species, the observation often does not mirror human pathophysiology. For 

example, mice carrying the same genetic deficiencies occurring in Fancomi anemia 

do not develop the spontaneous bone marrow failure that is the hallmark of the 

human disease.
1
 Thus, the phenotype changes or therapeutic effects in animal 

models are not always authentic representations of human physiological conditions. 

 Primary cells, on the other hand, can be taken directly from patients and 

used to explore disease phenotypes in vitro, taking advantage of its autologous cells. 

However, primary cells are not always available in cases of diseases in which 

abnormalities take place in inaccessible regions. As a result, genetically tailored 

multipotent cells of patients, such as cord blood origin stem cells
2
 and adult stem 

cells, are more eligible to show how human diseases develop rather than relying on 

animal models.
3-5

 These genetically tailored cells are self-renewable and able to be 

differentiated in vitro. Unfortunately, however, the differentiation capacity of these 

cells is known to be weakened under most in vitro culture conditions. 

Human embryonic stem cells (hESCs) hold the very promising potential to become 
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all tissues in the body
6
 The hESC lines laid foundations for cell replacement therapy 

and for modeling human disease. To be sure, it is possible to derive disease-specific 

hESCs from cloned embryos or from pre-implanted genetically diagnosed (PGD) 

embryos.
7
 However, there is no precedent for whether somatic cell nuclear transfer 

(SCNT) has been successfully done in the human body, and there are extremely 

limited kinds of PGD embryos that can create disease-specific iPSCs. 

 In contrast, induced pluripotent stem cells (iPSCs) possess essential 

elements of hESCs and thus overcome the two important obstacles to hESCs: 

immune rejection after transplantation and ethical concerns about the use of human 

embryos. In 2007, the first human iPSCs (hiPSCs) were established by 

overexpression of a key set of pluripotency-related transcription factors including 

OCT4, SOX2, KLF4, c-MYC in adult somatic cells. 
8
 It showed that iPSCs have 

almost the same differentiation capacity as ESCs and are similar to hESCs in 

morphology, proliferation, and the expressions of ESC marker genes.  

 A course of acquiring disease models through patient-specific iPSCs 

includes differentiating the human iPSCs into cell types affected by following the 

derivation of human iPSCs from somatic cells of a patient. Up until now, numerous 

studies have generated disease-specific iPSCs from patients with various 

neurodegenerative diseases, such as amyotrophic lateral sclerosis (ALS),
9
 spinal 

muscular atrophy (SMA),
10

 and Parkinson’s disease (PD).
11

 The phenotype of SMA 

has been recapitulated in motor neurons derived from patient-specific iPS cells.
10

 

Thus, diverse genetic diseases have been studied using cell models derived from 

disease-specific iPSCs.  

In the background of the preceding research, disease-specific iPSCs were 

generated from fibroblasts of patients with diseases such as Alzheimer's disease 

(AD), childhood cerebral adrenoleukodystrophy (CCALD), juvenile-onset, type I 

diabetes mellitus (JDM), and CCALD; iPSCs were differentiated in vitro into 

disease-relevant cells.  

 CCALD is the most severe subtype of X-ALD, which is categorized 

according to phenotype. X-ALD is a serious progressive, genetic disorder that 

primarily affects the adrenal cortex and the nervous system. The adrenal 
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insufficiency can be managed by hormone replacement therapy. However,  the 

main disability is caused by a malfunction in the nervous system.  Particularly, 

CCALD mainly destroys white matter and is accompanied by inflammatory 

demyelination.
12

 Currently there is no effective model system available for ALD. 

Although ABCD1 knockout mice have been established as a model for X-ALD, 

mice have milder accumulations of VLCFA than  humans with the disease and do 

not show the marked inflammatory reaction of CCALD. Moreover, it is almost 

impossible to obtain primary cells from the patient’s brain to develop a cellular 

model system for ALD. As a result, given the absence of ALD animal models that 

mimic human conditions and the necessity of cellular model systems with easy 

access, CCALD-iPSCs were induced to be differentiated into oligodendrocytes, 

which are the primary cells affected in the CCALD brain.  

 The ABCD1 (ATP-binding cassette, sub-family D [ALD], member 1) gene, 

which is defective in X-ALD, results in peroxisomal β-oxidation defects and an 

accumulation of VLCFAs in all tissues. ABCD1 that codes for 

adrenoleukodystrophy protein (ALDP), is one of the ATP-binding cassettes of the 

superfamily of transporters localized in peroxisomal membrane.
13,14

 ABCD2 has a 

similar exon structure to ABCD1 and, codes for ALDRP (ALD-related protein). It 

is reported that ALDRP has the capacity to compensate for the functions of ALDP
15

 

and that drugs such as lovastatin and 4-phenylbutyrate (4PBA) reduced the level of 

VLCFA in fibroblasts with X-ALD by induction of ABCD2.
16,17

  

Here we have generated specific iPSCs of diseases, including AD, JDM, 

and ALD, and we have developed cellular models from CCALD iPSC. We have 

also examined disease-relevant phenotypes through pharmacological and genetic 

approaches using iPSC-based oligodendrocytes of CCALD. 
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II. MATERIALS AND METHODS 
 

1. Culture of fibroblasts 

Primary fibroblasts affected by Parkinson’s disease (PD, AG20442), 

Alzheimer’s disease (AD, AG07889), juvenile-onset, type I diabetes mellitus (JDM, 

GM01911), Duchene type muscular dystrophy (DMD, GM05128), 

adrenoleukodystrophy (CCALD, GM04496), adrenomyeloneuropathy (AMN, 

GM17819), and the normal control (HDFn, SKU#C-004-5C) were purchased from 

Coriell and Invitrogen. Primary fibroblasts were cultured under recommended 

culture conditions by the manufacturers. 

 

2. Retroviral transduction and maintenance of iPSCs 

pMIG vectors containing OCT4, SOX2, KLF4 human sequences and a 

pMSCV vector containing the C-MYC human sequence were obtained from 

Addgene. 293GPG cells and were transfected using retroviral vectors. A day after 

transfection, viral supernatants were collected for a 9 day-long period. Obtained 

supernatants were concentrated by ultracentrifugation. Primary skin fibroblasts were 

transduced for one day, and 5 days post-infection, infected cells were re-plated onto 

STO feeder cells. Re-plated cells were cultured in hES medium, including basic 

fibroblast growth factor 2 (bFGF2; 10ng/ml) for 3-4 weeks. Colonies that appeared 

on STO feeder cells were mechanically picked and transferred once every week. 

After 10 passages, the concentration of bFGF2 was changed to 4ng/ml. 

 

3. Alkaline Phosphatase staining and Immunocytochemistry  

Alkaline phosphatase staining was performed following the manufacturer’s 

recommended procedure (Sigma-Aldrich). Cells were fixed in 4% 

paraformaldehyde for 30 min, permeabilized with 0.1% Triton X-100 for 10 min in 

case of intracellular proteins, and blocked in 2% bovine serum albumin (BSA) in 

PBS for 1 hour. Cells were then incubated overnight with the appropriate primary 

antibodies, diluted in PBS containing 2% BSA. The following primary antibodies 

were used for immunocytochemistry: OCT3/4 (1:200, Santa Cruz), SSEA-4, SOX2, 
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TRA-1-60, TRA-1-81 (1:100, Millipore), NANOG (1:50, R&D), Nestin (1:200, 

Chemicon), AFP (1:100, Santa cruz), HNF3-beta (1;100, Santa cruz), Brachyury 

(1:100, Santa cruz), A2B5 (1:200, Millipore), PDGFR-α (1:100, R&D), NG2 (1:200, 

Chemicon), CNPase (1:100, Millipore), GalC (1:100, Millipore). The samples were 

washed 3 times for 5 minutes with PBS and then incubated in fluorescent-labeled 

secondary antibodies [Alexa Fluor 488 (green) or Alexa fluor 594] (red)-labeled 

donkey/goat IgG (1:1000; Molecular Probes, Invitrogen) in PBS with 2% BSA for 

30 minutes at room temperature. The coverslips were rinsed 3 times for 5 minutes 

each in PBS and mounted onto slides using VECTASHIELD Hardset mounting 

medium with DAPI (Vector laboratories, Buringame, CA, USA). Images were 

obtained under a fluorescence microscope DP71, FSX100 (Olympus, Tokyo, Japan). 

 

4. Gene expression analysis 

Total RNA preparation was conducted for iPS cells, control hES cells, and 

fibroblasts using a Total RNA extraction kit (Intron Biotechnology) and converted 

to complementary DNA using iScript
TM

 cDNA Synthesis Kit (BIO-RAD). Semi-

quantitative PCR was performed with EmeraldAmp GT PCR Master Mix (Takara 

Bio Inc.) in a GeneAmp PCR System 2700 (Applied Biosystems, Carlsbad, CA, 

USA) under the following conditions: denaturing step at 95 °C for 30 seconds, 

annealing step at 60 °C for 30 seconds, and amplification step at 72 °C for 30 

seconds for 20–35 cycles. cDNA templates were normalized based on the GAPDH-

specific signal. The primer sequences are as follows: ACTB-F: 5’ TGA AGT GTG 

ACG TGG ACA TC 3’; ACTB-R 5’ GGA GGA GCA ATG ATC TTG AT3’; OCT4-

F 5’ AGC GAA CCA GTA TCG AGA AC 3’; OCT4-R 5’ TTA CAG AAC CAC 

ACT CGG AC 3’ SOX2-F5’ AGC TAC AGC ATG ATG CAG GA 3’ SOX2-R 5’ 

GGT CAT GGA GTT GTA CTG CA 3’ KLF4–F 5’ TCT CAA GGC ACA CCT 

GCG AA 3’; KLF4-R 5’ TAG TGC CTG GTC AGT TCA TC 3’; MYC-F 5’ ACT 

CTG AGG AGG AAC AAG AA 3’MYC-R5’ TGG AGA CGT GGC ACC TCT T 3’ 

NANOG-F 5’ TGA ACC TCA GCT ACA AAC AG 3’ NANOG-R 5’ TGG TGG 

TAG GAA GAG TAA AG 3’; hTERT-F 5’ TGT GCA CCA ACA TCT ACA AG 3’ 

hTERT-F 5’ GCG TTC TTG GCT TTC ACT GAT 3’; REX1-F 5’ TCG CTG AGC 
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TGA AAC AAA TG 3’; REX1-R 5’ CCC TTC TTG AAG GTT TAC AC 3’; GDF3-

F 5’ AAA TGT TTG TGT TGC GGT CA 3’; GDF3-R 5’ TCT GGC ACA GGT 

GTC TTC AG 3’. Quantitative RT-PCR was carried out using specific primers (Park 

et al., 2008). Quantitative PCR was performed with SYBR premix Ex taq (Takara 

Bio Inc.) in C1000
TM

 thermal cycler (BIO-RAD) under the following conditions; 1 

minute at 95 °C; 40 cycles of 20 seconds at 95 °C, 20 seconds at 60 °C, 20 seconds 

at 72 °C; and 1 minute extension at 72 °C. Beta-actin transcript was used as an 

endogenous reference to calculate Ct values and relative expression level (value of 

2
-ΔΔCt

) of target genes according to Bio-Rad’s instruction. All treated samples are 

represented as the expression level of the gene relative to their corresponding 

untreated control (control value equals to one). 

 

5. DNA fingerprinting analysis 

PCR based DNA fingerprint analysis of iPSCs was performed by 

Humanpass (Seoul, Korea) using a standard protocol for short tandem repeats 

(STRs). 

 

6. Karyotype analysis 

Chromosomal studies were performed at GenDix, Inc. (Seoul, Korea) 

using standard protocols for GTG banding. 

 

7. Differentiation of iPS Cells to three-germ layer cell types 

iPSCs were washed with PBS and 2 mg/ml collagenase was introduced for 

an hour. Detached colonies were collected and washed with EB medium (80% 

DMEM/F12, 20% KO serum replacement, 1mM L-glutamine, 0.1mM nonessential 

amino acids, 0.1mM 2-Mercaptoethanol, 100 U/ml penicillin and 100 μg/ml 

streptomycin) and gently resuspended in EB medium with 5% FBS. EBs were 

formed by culturing colonies in suspension and the medium was changed every 

other day. Suspension culture was continued for a week and EBs were then attached 

onto the Matrigel (BD Bioscience, San Diego, CA) coated culture dishes. They 

were maintained for an additional 7 days for differentiation and the medium was 
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again changed every other day. 

 

8. Bisulfite genomic sequencing 

Bisulfite treatment of genomic DNA (gDNA) was carried out using  

CpGnome DNA Modification Kit (Chemicon) according to the manufacturer’s 

protocol. Sample treatment and processing were performed simultaneously for all 

cell lines, with the exception of dH1f. Converted gDNA was amplified by PCR 

using OCT4 primer set 7.
18

 PCR products were gel purified and cloned onto bacteria 

using pGEM
®
 T easy vector system (promega). Bisulfite conversion efficiency of 

non-CpG cytosines ranged from 80% to 99% for all individual clones for each 

sample. 

 

9. Differentiation of iPS Cells into oligodendrocytes 

Differentiation of oligodendrocyte was performed according to our 

established protocols with a slight modification.
19

 First, iPSCs were washed with 

PBS and 2 mg/ml type Ⅳ collagenase (Worthington) was introduced for an hour. 

Following our previously established protocol, EBs were cultured for 4 days with 

the presence of dorsomorphin (Sigma) and SB431542 (Calbiochem, San Diego, CA) 

20
.  

For differentiation to dopaminergic neurons, EBs were attached onto Matrigel-

coated culture dishes in Dulbecco modified Eagle medium (DMEM)/F12 medium 

including N2 supplements (R&D systems, Minneapolis, MN) and 20ng/ml bFGF 

for the selection and expansion of neural precursors to generated neural rosette 

structures. After 5 days, Neural rosettes were insolated mechanically to obtain a 

high population of neural precursor cells (NPCs), and maintained in expansion 

media (DMEM/F12 supplemented N2 with basic fibroblast growth factor 20ng/ml) 

to form spherical neural masses (SNMs). For three or four weeks after expansion, 

fragmented clumps (150~200) from the spheres were plated onto Matrigel-coated 

culture dishes and cultured in a medium (DMEM/F12 supplemented with N2, B27, 

bFGF and epidermal growth factor (EGF; Peprotech) for 4 days, and then with the 
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presence of N2, B27, bFGF and  platelet-derived growth factor (PDGF-

AA;Peprotech) for 8 more days for the differentiation into oligodendroglial 

progenitors. These cells cultured in 3,3’5-triiodo-L-thyronine sodium salt 30ng/ml 

(T3;Sigma) (DMEM/F12 supplemented with N2, B27, ascorbic acid) for the 

maturation. 

 

10. VLCFA assay 

VLCFAs were determined as their methyl esters according to the method. 

100μl heptacosanoic acid (C27:0) (20μg/ml) as the internal standard was added to 

250μl of samples (2×10
5
 cells in 300μl of Dulbecco phosphate-buffered saline). 

Then 1ml of 25% (vol/vol) methylene chloride in methanol and 200μl acetyl 

chloride were added and heated for 1 hour at 75℃ to form methyl esters. After 

cooling, 4ml of 7.0 wt% K2CO3 was added to quench the reaction by neutralization. 

The resulting fatty acid methyl esters were extracted with 5ml of hexane, followed 

by extracting with 2.5ml of acetonitrile to remove polar compounds. The hexane 

layer was evaporated under a gentle stream of nitrogen. The dry residue was 

reconstituted in 100μl of hexane to be analyzed by gas chromatography. 

 

11. Statistics 

Values were expressed as means  S.E.M. Student’s t-test and ANOVA test 

using the SPSS software version 12.0 used to determine statistical significance.  
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III. RESULTS 

 

1. Generation and characterization of disease-specific iPSCs 

 

 First generation of iPSCs from human fibroblasts was efficiently achieved 

by retroviral transduction.
8
 Thus, retroviruses conveying OCT4, SOX2, KLF4, c-

MYC with green fluorescence protein (GFP) were produced in 293GPG packaging 

cells. The pluripotency genes with GFP were introduced into fibroblasts derived 

from AD, JDM, CCALD, and human dermal fibroblasts isolated in neonatal 

foreskin (WT) by retroviral transduction (Table 1). Fibroblasts expressing GFP were 

observed 24~48 hours after transduction; 3~4 weeks after retroviral transduction, 

colonies appeared in a dish. They were morphologically changed to join tightly, 

forming clusters unlike the spindle-shaped fibroblasts. There were several colonies 

lacking GFP expression. A few clones revealed morphological characters of hESCs, 

such as prominent nucleoli and scant cytoplasm with a cobblestone appearance.
21

 

Cells in which GFP expression were silenced were selectively picked and expanded 

on the STO feeder cells with the hES cell medium, including bFGF. 

 

 

Table1. iPS Cells derived from fibroblasts of patients with genetic diseases 
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Figure 1. iPS cell lines show markers of pluripotency. Induced pluripotent stem 

cells are generated from AD, JDM, CCALD and WT (Table 1). Established iPS cell 

lines possess morphology comparable to hES cells when cultured with STO feeder 

cells. Disease-specific iPS cells present alkaline phosphatase (AP), and express 

pluripotency markers such as OCT4, SSEA4, SOX2, TRA-1-81, NANOG, TRA-1-

60. 4,6-Diamidino-2-phenylindole (DAPI) staining show the total cell content in 

image. Scale bar=200μm 
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Figure 2. iPS cell lines express pluripotency-associated with genes comparably 

to hESCs. Quantitative real-time PCR showed induction of OCT4, SOX2, KLF4, 

C-MYC, NANOG, hTERT, REX1 and GDF3 in disease-specific iPS cell lines 

relative to each patient’s fibroblasts and comparable to H9 used for positive control. 

(A) AD-iPSC5-4, 5-6 and 7-5 originated from the Alzheimer’s disease fibroblast 

line (AD fib.). (B) JDM-iPSC1 originated from the Juvenile-onset diabetes mellitus 

line (JDM fib.). (C) CCALD-iPSC 6, 10 originated from the childhood cerebral 

adrenoleukodystrophy fibroblasts line (ALD6 fib.). (D) WT-iPSC 1 originated from 

human dermal fibroblasts, neonatal (HDFn). Data were expressed as mean ±S.E.M. 

To examine properties of iPSCs, colonies characterized on the molecular 



 
  - 13 - 

and genetic level. First, immunocytochemistry was performed using pluripotency 

associated marker antigens
22

 and detected expression of alkaline phosphatase 
23

. 

They expressed cell-specific surface antigen (SSEA)4, tumor-related antigens 

(TRA)-1-60, TRA-1-81, and OCT4, SOX2, NANOG protein (Figure 1).  

 Also, quantitative real time PCR showed up, and that expression of disease 

specific iPS cells was remarkably increased equally or much more to human ES 

cells (H9) in pluripotency-related genes
22

, such as OCT4, SOX2, KLF4, c-MYC, 

telomerase  reverse transcriptase (hTERT), growth and differentiation factor 3 

(GDF3), reduced expression 1 (REX1), (Figure 2). In case of KLF4 and c-MYC, 

fibroblasts expressed just as highly as human iPS cells and ES cells. These data may 

suggest that the expression of c-MYC was needed for cell proliferation in many cell 

types under cultured conditions.
24

 

 Consistent with this observation, faithfully reprogrammed cells show 

silencing of the retroviral OCT4, SOX2, Klf4, and c-MYC genes,
25-27

 whereas 

partially reprogrammed cells show incomplete silencing and persistent expression 

of the viral factors.
28

 Therefore, in order to inquire whether the retroviral gene was 

silenced, RT-PCR was performed using primers specific for retroviral transcripts 

(Figure 3).  

 Exogenous OCT4, SOX2, KLF4, c-MYC was downregulated and 

Endogenous expression was up regulated. These data describe that retroviral vectors 

underwent silencing in the ESC state.
29

  

Demethylation of promoters of critical pluripotency genes occurs gradually 

during the reprogramming process of somatic cells
30

. To look into epigenetic 

information underlying the transcriptional reprogramming, methylation statuses of 

cytosine guanine (CpG) dinucleotides  in the  promoter of OCT4 gene were 

analyzed by sequencing of bisulfate-modified DNA . The result showed that CpG 

dinucleotides in this region were demethylated in human iPS cells were highly 

methylated in parental fibroblasts (Figure 4). These findings indicated that the 

promoter of OCT4 was reactivated in human iPS cells. 
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Figure 3. Retroviral transcripts are silenced in disease-specific iPSCs, while 

endogenous genes are induced. The expression of the four reprogramming factor 

(OCT4, SOX2, KLF4, c-MYC) are determined by semi-quantitative PCR (RT-PCR) 

using primers specific to the 3’ untranslated region (Endo), Retrovirally delivered 

gene (Trans), as well as to both endogenous and exogenous gene. GAPDH is shown 

as a loading control for each lane. 
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Figure 4. iPSCs show demethylation at the OCT4 promoters relative to their 

fibroblasts. The OCT4 promoters in AD-iPSC 7-5, JDM-iPSC 1, CCALD-iPSC 10 

and WT-iPSC 1 is relative to each patient’s fibroblasts. The values in the left side of 

each cluster indicate CpG relative to the transcriptional start site (TTS). Each 

horizontal row of circles for a given amplicon represents the methylation status of 

each CpG in one bacterial clone for that region. White circles represent 

unmethylated CpG dinucleotides; black circles represent methylated CpG 

dinucleotides. The cell line is indicated to the top of each cluster. The percentage of 

methylated cytosines (% Me) in OCT4 promoter per cell line is shown under each 

panel. 
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In addition, PCR- based DNA fingerprint analysis of short tandem repeats 

(STRs) indicated that each iPS cell line was genetically identical to their origin 

fibroblasts (Table 2). This means that disease-specific iPS cells remain relevant to a 

patient’s genetic circumstance.  

 It is important to distinguish whether chromosomal aberrations  occurred 

in the obtained iPS cells. Cells cultured for a long period of time can become 

genetically unstable, particularly human ESCs, in that they have a tendency to 

acquire abnormal karyotypes.
31,32

 However, established iPS cell lines maintained 

normal 46XY karyotype and did not show aneuploidy at more than 10 passages 

(Figure 6). Human ESCs have abilities to differentiate into all three germ embryonic 

layers: ectoderm, endoderm, and mesoderm. Accordingly, to ascertain functional 

attributes about the pluripotency of iPS cells, an embryoid bodies (EB) based 

method was employed. The method includes a step in which ES cells aggregate to 

structures called EB.
33

 After 4 days in suspension culture, iPSCs were 

spontaneously differentiated on Matrigel coated dishes. This finding was confirmed 

by markers related to each three lineages (Ectoderm: Nestin, Endoderm: HNF3β, 

AFP, mesoderm: brachyury) (Figure 6). These data demonstrated that generated 

iPSCs can differentiate into derivatives of all three germ layers in vitro. 
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Table 2. The genetic identity of disease-specific and wild-type iPSCs are 

confirmed through DNA fingerprinting analysis. DNA fingerprint analysis 

performed at 16 independent loci of STR (short tandem repeats) show that iPSC 

lines have identical genetic information to their parental fibroblasts.  
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Figure 5. Karyotype analysis of iPSC Lines Karyotypic abnormalities are not 

observed  
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Figure 6. Differentiation of iPSCs into derivatives of three germ layers iPSCs 

are differentiated into derivatives of three germ layer in vitro using EB based 

methods and are immunostained for detection of markers of ectoderm (Nestin), 

endoderm (AFP, HNF3β), and mesoderm (Brachyury). Nuclei are labeled with 

DAPI(blue). Scale bar =50μm  

 

 



 
  - 20 - 

2. Differentiation of CCALD-iPSCs into oligodendrocytes 

 

 The phenotypes that occurred in CCALD include a severe inflammatory 

demyelinative process in the parietal, occipital, and posterior temporal lobes 

associated with lysis of oligodendrocytes
34

. The oligodendrocytes are a type of glial 

cells that insulate axons within the central nervous system (CNS) by wrapping them 

with a myelin sheath. Thus, oligodendrocytes are mainly devastated at a focal point 

in CCALD. To determine whether CCALD-iPSCs can be differentiated toward 

oligodendrocytes, they were induced to differentiate according to previously 

reported protocol.
19,20

 EBs were cultured with dorsomorphin and SB431542 for 4 

days for efficient neural precursor cell (NPCs) induction prior to attachment onto a 

Matrigel-coated culture dish. After 5 days, neurospheres were formed during the 

incubation of  neural structures called neural rosette. The spheres were 

mechanically dissected and expanded for 4 weeks. For further differentiation to 

oligodendrocyte precursor cells (OPCs), NPCs were plated and cultured with 

epidermal growth factor (EGF), platelet derived growth factor (PDGF) to induce the 

appearance of the characteristics of OPC. The proliferation of neural precursor cells 

are stimulated by EGF in serum-free cultures,
35

 and PDGF is known for inducing 

the proliferation of early OPCs.
36

 Differentiated with previous mitogens, the OPCs 

expressed A2B5, NG2, and PDGF receptors (PDGF-α), which are committed 

markers for OPCs.
37,38

 The preoligodendrocytes becomes an immature 

oligodendrocytes, characterized in the rat cerebellum by the appearance of the 

markers GalC and CNPase.
39

 Therefore, OPCs maturated with thyroid hormone (T3) 

were stained against oligodendrocyte markers; CNPase, GalC, and positive cells 

were observed among further differentiated OPCs (Figure 7). This demonstrated 

that CCALD-iPSCs can normally differentiate into oligodendrocytes in vitro. 
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Figure 7. Differentiation of CCALD-iPSCs into Oligodendrocytes (A): Neural 

precursors (neural rosette) were generated from attached embryoid bodies cultured 

with DM and SB. The neural rosettes were mechanically isolated and cultured in 

bacterial dishes to form neurospheres (A, stage 1). After three or four weeks, the 

neurospheres were dissociated and replated onto a Matrigel coated culture dish and 

induced to proliferate oligodendrocyte precursor cells (OPCs) by treating the cells 

with growth factors, such as EGF, PDGF. To activate OPCs to differentiate into 

mature oligodendrocytes (OL), the cells were treated with T3 (A, stage 2). scale 

bar=100μm (B): Specific markers for oligodendrocyte precursors (A2B5, NG2, 

PDGF-α), and immature oligodendrocytes (GalC, CNPase) were detected by 

immunocytochemical staining. Scale bar=50μm  
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3. Pharmacological validation of CCALD-iPSC-derived oligodendrocytes 

 

 The principal manifestation of X-ALD is the accumulation of saturated 

VLCFAs, particularly hexacosanoic (C26:0) acid.
40

 It has been reported that skin 

fibroblasts from X-ALD patients showed an abnormal accumulation of saturated 

VLCFA, as indicated by the high ratio of C26:0/C22:0.
41

 There have been reports 

that lovastatin effectively reduced the level of VLCFA in X-ALD fibroblasts via 

upregulation of ABCD2 gene.
17,42

 In order to find out whether this drug also 

influences VLCFA accumulation in oligodendrocytes of CCALD patients, the 

effects of the drug were investigated in oligodendrocytes generated from CCALD-

iPSCs.  

The ratio of C26:0/C22:0 in CCALD oligodendrocytes was 6.6 fold higher than that 

of OLs generated from wild type (WT) iPSCs (Figure8A, C). The VLCFA level in 

the WT-OLs was not sufficiently reversed by lovastatin, whereas in the CCALD-

OLs it was significantly decreased by 20.97% relative to the untreated group 

(Figure 8C). After treatment of lovastatin, the ABCD2 mRNA level was boosted by 

3.65 fold in the WT OLs, as well as by 1.98 fold in the CCALD OLs (Figure 8B, D). 

These data exhibited that lovastatin worked via inducing expression of ABCD2 

gene, and an abnormal VLCFA accumulation in the OLs generated from CCALD-

iPSCs was improved by treatment with lovastatin.  

These findings showed that OLs differentiated from CCALD-iPSCs 

possess the disease-relevant phenotype and have responsiveness to the well-known 

drug (lovastatin). Therefore, our in vitro CCALD model proved to be usefulness for 

disease modeling and for screening of new drugs. 
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Figure 8. Pharmacological validation of oligodendrocytes generated from 

CCALD-iPSCs. (A): The effect of lovastatin on the VLCFA levels in the WT- 

oligodendrocytes (OL). OLs from WT-iPSCs were treated with lovastatin 1μM for 6 

days. All values are mean ± standard deviation; n=4. (B): ABCD2 expression 

levels induced in OLs after treatment with lovastatin; n=4. (A, B were cited from 

Jang et al, 2011). (C): Treatment of lovastatin significantly reduced the 

C26:0/C22:0 ratio. CCALD-OLs were treated with lovastatin 1μM for 3 days. All 

values are mean ± standard deviation; n=3. (D): ABCD2 expression levels 

induced in OLs after treatment with lovastatin. CCALD-OLs were treated with 

lovastatin 1μM for 3 days. ABCD2 mRNA levels were compared with the untreated 

group by quantitative reverse transcription-polymerase chain reaction; n=3. 

Significant differences have been determined by ANOVA followed by Turkey’s 

HSD post hoc (* P<0.05; ** P<0.001).  
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IV. DISCUSSION 

 

 In this study, hiPSCs were generated from fibroblasts with AD, JDM, ALD 

by retroviral transduction of the four transcription factors, namely OCT4, SOX2, 

KLF4, c-MYC. The identification of iPSC colonies based only on morphological 

criteria requires considerable degree of ESC expertise. Fully reprogrammed cells 

that pass through the complex reprogramming process show similarities to hESCs in 

many aspects, which include surface markers, gene expression, and epigenetic 

status at the OCT4 promoter, and in vitro differentiation.
8
 Particularly, ESC-specific 

surface marker (Tra-1-81) expression and loss of transgene dependence have been 

used as useful strategies to identify reprogrammed cells.
43,44

 To observe marker 

expression of the obtained hiPSCs (AD-iPSC, JDM-iPSC, CCALD-iPSC, WT-

iPSC), immunocytochemistry was performed. All hiPSCs expressed pluripotency 

markers, including Tra-1-81 (Figure 1). In RT-PCR data performed to investigate 

expression of retroviral transcripts, transgenes were not detected in most hiPSCs 

(AD-iPSC 7-5, WT-iPSC1,3, CCALD-iPSC2, 6, 10, 21) except for several clones 

(AD-iPSC6, JDM-iPSC1) that still express transgenes (SOX2 or MYC) slightly 

(Figure 3). These data indicate that these cells are efficiently reprogrammed and do 

not depend on continuous expression of the transgenes for self-renewal. Also, 

Bisulfite sequencing analysis evaluating the methylation statuses revealed that CpG 

dinucleotides in the promoter region of OCT4 were hypermethylated in parental 

fibroblasts (Figure 4). This result correlates with the loss of transgene dependence 

and supports the theory that pluripotency genes cannot bind their target genes in 

differentiated cells because of other inhibitory mechanisms, including DNA 

methylation. At last,  disease-specific iPSCs that are fully reprogrammed were 

established by strict verification, as mentioned above.  

Among the diseases established by iPSCs, CCALD is the most severe 

subtype of X-ALD, accompanied by inflammatory demyelination, which occurred 

in the brain. As an animal model for X-ALD, the ABCD1 knockout mouse model 

cannot mirror the clinical and pathological abnormalities of CCALD
45

. In addition, 
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it is almost impossible to obtain oligodendrocytes from the brain of CCALD 

patients. In the absence of an appropriate disease model, CCALD-iPSCs were 

induced to be differentiated into oligodendrocytes as an attempt to establish a cell 

model of CCALD. Next, pharmacological responses of the oligodendrocytes were 

tested to recognize whether they are proper for drug screening systems. In the 

untreated OLs, the VLCFA level in the CCALD-OLs was 6.6 fold higher than in the 

OLs generated from wild type (WT) iPSCs (Figure8A, C). Therefore, we confirmed 

that these cells reflect the phenotype of disease and are available for disease 

modeling. Also, the VLCFA level was not sufficiently decreased in the WT-OLs 

after treatment with lovastatin, while the VLCFA level was reduced in the CCALD-

OLs by treatment with lovastatin (Figure 8C). This is likely because ABCD1 

transporters in the WT-OLs operate normally and the metabolism of VLCFA is 

normal. The ABCD1 gene mutated in CCALD has 66% homology to ABCD2, and 

they have a functional gene redundancy.
15

 So, the functions of the ABCD1 gene can 

be partially replaced by the ABCD2 gene. As the drug for X-ALD, there are drugs 

like 4-PBA and lovastatin, both of which have been reported that they work via 

upregulation of ABCD2 and ameliorate the level of VLCFAs in skin fibroblasts of 

X-ALD.
16,42

 Thus, to verify the effect of lovastatin on the expression of the ABCD2 

gene, oligodendrocytes derived from CCALD-iPSCs were treated with 1μM 

lovastatin for 3 days. Although the treatment period was shorter than the previous 

report,
46

 ABCD2 gene expression was elevated in the oligodendrocytes under the 

treatment of lovastatin relative to the untreated group (Figure 8D). In this data, the 

climb in expression of ABCD2 gene in the WT- OLs is bigger than in the CCALD-

OLs. It must be because the treatment period in the CCALD-OLs is shorter than in 

the WT-OLs. With this, we confirmed that lovastatin works via inducing ABCD2, 

and the differentiated oligodendrocytes have responsiveness to the drug. 

 

Accordingly, these findings show that the CCALD-OLs would provide 

worthy information as a representative of CCALD patients, and thus play an 

important role in searching for effective drugs for X-ALD. This iPSC based cell 
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model system, including AD-iPSC and JDM-iPSC would greatly help in the study 

of mechanisms for etiopathophysiology of the diseases and development of new and 

effective therapies. 
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V. CONCLUSION 

 

In this study, induced pluripotent stem cells of CCALD, AD, and JDM 

were established by introducing pluripotentcy genes using retrovirus systems to 

patients’ fibroblasts. The disease-specific iPSCs acquired pluripotent abilities 

comparable to hESCs at the molecular and genetic level. In particular, CCALD-

iPSCs were induced to differentiate into oligodendrocytes, which are a major cell 

type depleted in the brain during the development of CCALD. The differentiated 

cells expressed A2B5, PDGF α, and NG2 in the stage of OPC induction, as well as 

oligodendrocyte markers such as GalC and CNPase during the maturation process. 

Furthermore, the oligodendrocytes that were successfully generated from CCALD-

iPSCs responded, showing an increased expression of ABCD2 gene and VLCFA 

reduction to treatment with lovastatin. In conclusion, CCALD-iPSC based 

oligodendrocytes have shown to be an appropriate cellular model that mimics the 

disease phenotype of CCALD for screening drugs to treat the disease.  
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ABSTRACT (IN KOREAN) 

 

 

질병 특이적 역분화 줄기세포의 수립과 특성분석 

 

<지도교수 : 김 동 욱> 

연세대학교 대학원 의과학과 

이 정 아 

 

 

역분화 줄기세포를 만드는 기술은 다양한 유전질환에 특이적인 세

포를 생성할 수 있게 하며 질병에 특이적인 징후를 보이는 세포 모델의 기

반이 된다. 최근 여러 논문들에서 다양한 역분화 줄기세포는 질병의 병리

학적인 메커니즘을 연구하는데 있어서 매우 뛰어난 in vitro 모델이 될 수 

있다고 보고하였다.  

 본 연구에서는 난치성 질병으로 알려져 있는 알츠하이머병, 소아대

뇌형 부신백질이영양증, 제 1형 소아당뇨 같은 난치성 유전 질환들에 대한 

역분화 줄기세포를 수립하였다. 각각의 질병들에 대한 환자의 섬유아세포

에 4가지의 역분화 인자를 넣어 역분화를 유도하였고, 이 과정을 통해 형성

된 클론들은 유전자와 단백질 수준에서 전분화능 마커가 발현되고 있음을 

확인하였다. 또한 OCT4 유전자의 프로모터의 메틸화 정도를 조사함으로써 

OCT4 유전자가 재 활성화 되었음을 확인하였다. 이렇게 분자적인 수준에

서 전분화능을 획득한 역분화 줄기세포들의 분화능을 알아보기 위하여 in 

vitro 에서 분화를 유도하였고, 삼배엽 유래의 세포들의 단백질 마커들을 발

현하였다. 이러한 특성 분석을 통하여 인간 배아줄기세포와 비슷한 성격을 

가지는 인간 질병 특이적 역분화 줄기세포를 확립하였다. 

그 중에서도, 소아대뇌형 부신백질이영양증은 ABCD1에 변이가 생
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겨 긴사슬 지방산이 세포 내에 축적되어 뇌에서 희소돌기 아교세포가 손상

을 받아 사망하는 치명적인 질병이다. 따라서 수립된 역분화 줄기세포를 

희소돌기 아교세포로 분화하여 보았다. 흥미로운 점은, 이렇게 분화된 희소

돌기 아교세포에서 질병의 진단마커인 긴 사슬 지방산의 축적이 높은 수준

으로 관찰되었다. 또한, 이미 알려진 약물인 로바스타틴(lovastatin)을 처리

하였을때, 약물에 대한 반응으로 긴 사슬 지방산의 축적이 감소되는 결과

를 얻을 수 있었고, 이 결과는 ABCD1 유전자의 기능을 보완할 수 있는 

ABCD2 유전자 발현의 증가로 인한 것임을 확인하였다. 이로써 소아대뇌형 

부신백질이영양증 환자로부터 비롯된 역분화 줄기세포는 질병의 표현형을 

잘 나타내고 알려진 약물에 의해 효과를 보이는 희소돌기 아교세포로 분화

하였고, 이 모델 시스템은 소아대뇌형 부신백질이영양증을 치료하는데 있

어서 로바스타틴보다 효과적인 치료약물을 만드는데 있어 유용한 도구로 

사용될 수 있을 것 이다. 이와 같이, 알츠하이머병, 제 1형 소아당뇨 역분화 

줄기세포 또한 질병 모델을 위한 자원으로써 질병의 메커니즘 연구나 신약

개발에 플랫폼을 제공할 수 있을 것 이다. 
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